of certain genes. We have undertaken an effort to establish hairy root transformation in 87 chickpea and study nodule development. Unlike A. tumefaciens, A. rhizogenes 88 generates transformed roots from the site of infection. A. rhizogenes contains root locus 89 5 (rol) genes in the Ri-plasmid, which promotes the formation of genetically transformed 90 adventitious hairy roots. A. rhizogenes carrying a recombinant Ri plasmid can generate 91 composite plants. These plants contain untransformed shoot and transform root 92 (Georgiev et al., 2012). When such an A. rhizogenes additionally carrying a gene of 93 interest in a binary vector is used for transformation, a certain percentage of co-94 transformed roots are obtained. Both overexpression and downregulation of a specific 95 gene can be achieved by these co-transformed roots (Limpens et al., 2004; Sinharoy 96 and DasGupta, 2009; Sinharoy et al., 2015). Recently, it has been reported that 97 CRISPR/Cas9 mediated gene knock out is also possible in hairy roots (Ron et al., 2014; 98 Cai et al., 2015; Wang et al., 2016). Till date, all the successful protocol for hairy root 99 generation in other legumes have shown the transformed roots to be biologically similar 100 to untransformed roots, with no difference in normal nodule development (Stougaard et 101 Tamta, 2015; Thilip et al., 2015; Habibi et al., 2016; Thwe et al., 2016). A. rhizogenes-105 mediated hairy-root transformation is an efficient and less time-consuming alternative 106 method for the functional validation of genes. Here we are reporting an efficient protocol 107 for hairy root transformation in chickpea. We have developed both in vivo and ex vitro 108 protocols. We have used four different Mesorhizobium strains to follow nodule initiation 109 and the developmental program and evaluated the nitrogen fixation efficiency. We have 110 also checked the localization of several subcellular markers in transformed chickpea 111 roots and nodules. Additionally, we have confirmed that the shape of the bacteroids in 112 6 the mature nitrogen-fixing zone of chickpea nodules is directly correlated with the 113 efficiency of nitrogen fixation.
nitrogen free condition. Nodules were observed in these transformed roots after 10 days 145 post-inoculation (dpi) with Mesorhizobium (Figure 1 Step IVa). were noticed within 10 dpi (Figure 1 step IIIb). 159 We have tested this protocol in different chickpea ecotypes. A list of different cultivars of 160 chickpea from different origin, where we successfully tested our transformation protocol, 161 has been given in Table 1 . Both in vivo and ex vitro methods had comparable 162 transformation efficiency. While we obtained greater transformation efficiency in 163 BDG256, and 'local' variety (above 50%), ICC4958, ICC8261, and kabuli had a lower 164 efficiency. In summary, this method can be used in several different varieties of 165 chickpea cultivars.
166
Expression of different subcellular markers in transformed hairy roots and 167 nodules of chickpea: 168 To test the activity of transgenes transformed following our protocol we employed 169 already known markers for their subcellular localization in chickpea root and nodules. 170 These markers were already published for either Arabidopsis thaliana (At) (model 171 plant), or Medicago truncatula (Mt) (model legume) (Nelson et al., 2007; Ivanov and 172 Harrison, 2014). We expressed some of these markers in hairy roots and nodules of 173 chickpea. A construct created by fusing the signal peptide of AtWAK2 (Arabidopsis 174 thaliana wall-associated kinase 2) at the N-terminus of a mCherry sequence which also 175 contained endoplasmic reticulum (ER) retention signal HDEL at the C-terminus, was 176 used as ER marker. This mCherry was under AtUBQ10 promoter (He et al., 1999 ). An 177 extensive characteristic tubular and sheet-like ER network was seen throughout the 178 cytoplasm of chickpea root epidermal cells (Supplemental Figure 1A) . As expected, ER 179 9 network around the nucleus was more uniform (Supplemental Figure 1A) . The Figure 1E ). Additionally, we used p35S promoter 200 driven expression of a plasma membrane aquaporin (PIP2a) fused to cyan fluorescent 201 protein (CFP) (Cutler et al., 2000) . We noticed uniform labeling of CFP along the 202 surface of the cell (Supplemental Figure 1F ). A marker created by fusing 203 plasmodesmata-located protein 1 (PDLP1) with mCherry at N terminus under 204 pAtUBQ10 was used to visualize the cytoplasmic connections between the cells 205 (Thompson and Wolniak, 2008) . A cross-section of chickpea root showed the sym-206 plastic connections between the cortical cells (Supplemental Figure 1G ). The golgi body Figure 1H ) in the chickpea root epidermal cell.
210
To check the hormone responsiveness in these transformed roots, we used a construct 211 created by fusing a nuclear localization signal (NLS) at the C-terminus of GFP under 212 auxin responsive synthetic DR5 promoter (DR5-GFP-NLS) (Suzaki et al., 2013) . We 213 noticed high GFP expression around the proliferating lateral root primordial cells 214 (Supplemental Figure 1I ), but GFP fluorescence was not observed in the mature root 215 cortex (Supplemental Figure 1I ). In summary, by using eight different subcellular 216 markers under both 35S and AtUBQ10 promoter, and the DR5-GFP construct, we 217 confirmed the normal physiological functioning of these transformed roots 218 (Supplemental Figure 1 ).
219
The transgenic hairy roots also showed efficient nodule development ( Figure 1 ). After , 2014) . We noticed the presence of a significantly higher number of peroxisomes in 235 the nodule cortex around the vascular tissue ( Figure 2A ). The number of peroxisomes 236 were significantly low in nodule parenchyma, and endodermis ( Figure 2A ). But the 237 concentration of peroxisomes were more or less similar in all infected zones ( Figure 2B -238 C). The golgi apparatus (cis-golgi) were noticed everywhere inside the infected cells 239 surrounding the symbiosomes ( Figure 2D ). We failed to detect any golgi apparatus 240 surrounding the infection thread ( Figure 2D ). ERs also show similar localization pattern 241 to the golgi, close to the symbiosomes ( Figure 2E ). Additionally, we were able to detect 242 ERs around the infection thread ( Figure 2F ).
243
Evaluating the symbiotic potential of different Mesorhizobium strains: 244 An efficient laboratory strain is a pre-requisite to study nodule development. We CC1192 is an Australian isolate used as a commercial inoculant there, and recently the 248 complete genome sequence has been published (Haskett et al., 2016) . M. ciceri IC-59 249 was isolated by ICRISAT, India (Rupela and Sudarshana, 1990; Esfahani et al., 2014) , 250 and being used for different field trials (Esfahani et al., 2014) . M. ciceri TAL620 was 251 used for studies in past (Chandra and Pareek, 1987) , and recently has been used for 252 the transcriptome sequencing of chickpea root nodules (Kant et al., 2016) . Our own 253 isolation effort from the experimental garden of National Institute of Plant Genome 254 Research (NIPGR), India, has resulted to the culturing of NIPGR Isolate 7 or NI-7. 255 Chickpea plants with healthy pink nodules were collected from the experimental garden.
256
The pink nodules were dissected, surface sterilized, and rhizobia were isolated from the 257 nodules (detail in material and method). The most efficient strain (NI-7) was used for the 258 comparative study. The 16S rDNA sequence of the NI-7 strain has been submitted to 259 NCBI (MH517450). Interestingly, NI-7 shows the highest similarity with Mesorhizobium comparably inefficient strain for chickpea nodule development. We performed acetylene 277 reduction assay (ARA) at 21 and 35 dpi to determine the nitrogen fixation efficiency of 278 these strains. CC1192 showed highest ARA, followed by NI-7, IC59, and TAL620 at 279 both the time points ( Figure 3A ). TAL620 showed significantly low ARA compared to 280 CC1192 (the most efficient strain), at both the time points. IC59 shows significantly low 281 ARA only at 35 dpi. Taken together, our data show that CC1192 is the most efficient 282 strain for chickpea followed by NI-7. Further, we have used SYTO dyes to stain the 283 nitrogen fixation zone of these chickpea nodules at 21 dpi. Interestingly, we found small 284 spherical symbiosomes inside CC1192, IC59, and NI-7 generated nodules (Figure 3 B-285 D), whereas in case of TAL620 the symbiosomes were small and elliptical ( Figure 3E ).
286
Our result shows a direct correlation of the shape of bacteroids with ARA. Acidification 287 of symbiosome space is crucial for functional nitrogen fixation. LysoTracker DND189 288 has been successfully used in Medicago for in planta detection of peribacteriod space 289 (PBS, also called symbiosome space) acidification (Pierre et al., 2013) . We then asked 290 the question whether there is any correlation between the PBS acidity and ARA by the 291 above mentioned strains. We used pH sensitive dyes DND189 to stain the most efficient reaches an optimal emission between pH 4 and 5. We used DND189 in combination 298 with SYTO82/PI to check the acidity of chickpea symbiosome space. In case of 299 CC1192, DND-189 was accumulated in the PBS and we observed the clear spherical 300 shape of the acidic zone (PBS) ( Figure 4A-B) . The bacterial nucleic acid showed clear 301 red staining when it was counter-stained with SYTO82 ( Figure 4A ). There was some 302 acidity in the PBS of the symbiosomes made by strain TAL620, but we rarely obtained a 303 clear demarcation of PBS boundary when stained with DND189 ( Figure 4C) . To test the 304 viability of bacteria inside TAL620-induced nodules, we used propidium iodide (PI) and 305 SYTO staining (Haag et al., 2011) . Live bacteria with intact cytoplasmic membranes 306 would be stained by membrane-permeable SYTO dye, while dead bacteria with 307 degraded cytoplasmic membranes would be stained by membrane-impermeable PI.
308
When TAL620 induced nodules were stained with PI, the nucleic acid in most of the 309 samples did not take up the stain. Interestingly, the few instances where sporadic 310 symbiosomes took up the stain, they were spherical ( Figure 4D ). But the frequency of 311 occurrence of such zone inside the nodules is very scare. Whereas SYTO dye shows 312 live bacteroids inside TAL620 induced nodules ( Figure 3E) Hence, from our 313 observation it appears that DND-189 is accumulated less specifically in the PBS of 314 TAL620 induced symbiosomes, indicative of less acidity. The transformation efficiency of model legume ranges around 60-70%. On the other 340 hand, the transformation efficiency of the large-seeded grain legumes soybean, Vigna, 341 and pea varies greatly between 20-80% (Sinharoy et al., 2015) . According to our 342 protocol, the transformation efficiency of chickpea varies greatly between ecotypes, 343 ranging between 26-53% (Table 1) . This is comparable to other large-seeded grain , 2012; Gavrin et al., 2017) . Surprisingly, we did not find golgi bodies around the 367 infection threads. The significance of selective concentration of ERs in combination with 368 the absence of golgi bodies around the infection threads is not clear.
369
The efficiency of nitrogen fixation differs significantly depending on bacterial genotypes.
370
A systematic effort to evaluate the behavior of different Mesorhizobium strains during 371 chickpea nodule development has not been given till date. Our study highlights a inside TAL620 induced nodules ( Figure 4D) were taken under stereo-microscope either under bright field or under red channel. Varshney, R.K., Song, C., Saxena, R.K., Azam, S., Yu, S., Sharpe, A.G., Cannon, S.,
